Introduction
G-proteins are membrane-bound signal transduction proteins which couple extracellular receptor signals to various effectors. This study examines the expression and the function of G-proteins (a;, as, aq, and a.) in experimental intimal hyperplasia. Vein bypass grafts were placed in 30 New Zealand White rabbits and were harvested after 28 d. The contralateral jugular veins served as controls. Isometric tension studies were performed on rings from veins and vein grafts (n = 10), and Western blot and mRNA analyses were performed in another 20 vessels. There was a fivefold increase in aq, a 2.7-fold increase in the aiu, and a 3.3-fold increase in as expressions in vein grafts compared with veins. Detectable expression of au was observed in vein grafts but not in jugular veins. In addition, there was a 3.8-fold increase in (3 ( 1, 2) . In addition, the vasomotor function of these veins in response to several agonists is modulated after insertion into the arterial circulation as vein grafts in both human and experimental preparations (3) (4) (5) (6) . In the rabbit model, vein grafts show an increased response to norepinephrine and, additionally, develop a 5-HT2-mediated contractile response to serotonin (7, 8) . The change in norepinephrine responsiveness and the development of a serotonin response suggest that there may be significant changes in the smooth muscle cells of the vein grafts compared with their venous progenitors with perhaps the development of a new smooth muscle cell phenotype as suggested by Ross (9) . In particular, changes in responsiveness to norepinephrine and serotonin may be due to alterations in the expression of G-proteins to which these receptors are coupled. The expression and the function of G-proteins in the vascular smooth muscle cells of the intimal hyperplasia and, thus, their role in the pathophysiology of vein graft restenosis are unknown. This study addresses these questions by examining the expression and the functional coupling of G-proteins ( Operative procedure Anesthesia was induced and maintained with subcutaneously injected ketamine hydrochloride (60 mg/kg, Ketaset; Bristol Laboratories, Syracuse, NY) and xylazine (6 mg/kg, Anased; Llyod Laboratories, Shenandoah, IA). Antibiotic prophylaxis with 30,000 IU/kg of benzanthine and procaine penicillin (Durapen; Vedco Inc., Overland Park, KS) was given intramuscularly at the time of induction. Surgery was performed using an operating microscope (JKH 1402; Edward Weck Inc., Research Triangle Park, NC) under sterile conditions. After exposure through a midline longitudinal neck incision, the right external jugular vein was identified, its branches were diathermied at a distance from the vein to minimize injury, and it was then dissected out. After excision, the vein was kept moist in a heparinized Ringer lactate solution (5 IU/ml, heparin; Elkins-Sinn Inc., Cherry Hill, NJ) for 15 min while the right common carotid artery was identified, dissected, and both proximal and distal control obtained. Heparin (200 IU/kg) was administered intravenously. A proximal longitudinal arteriotomy was made, and one end of the reversed jugular vein was anastomosed to the artery in an end-to-side manner using continuous 10-0 microvascular monofilament nylon suture (Ethilon; Ethicon Inc., Somerville, NJ). The distal anastomosis was performed in a similar manner. Throughout the procedure, care was taken to avoid unnecessary instrumentation of the vein graft. The right common carotid was ligated and divided between the two anastomoses with 4-0 silk sutures, and the wound was closed in layers.
Morphology
Three vein grafts were harvested 28 d after surgery. After isolation and systemic heparinization (200 rU/kg, intravenously), the vein grafts were perfusion fixed in situ at 80 mmHg with an initial infusion of Hanks' balanced salt solution (HBSS; Gibco Laboratories, Grand Island, NY) followed by 2% glutaraldehyde made up in 0.1 M cacodylate buffer (pH 7.2) supplemented with 0.1 M sucrose to give an osmolality of -300 mosmol. After 60 min, the specimen was removed and immersed in the glutaraldehyde fixative for a further 24 h. Cross-sections from the mid-portion of the vein graft were processed for light microscopy. Following standard histological procedures, each specimen was stained with a modified Masson's trichrome and Verhoeff's elastin stain, and dimensional analysis was performed by videomorphometry (Innovision 150; American Innovision Inc., San Diego, CA).
Isometric tension studies
Under anesthesia, the original incision was reopened, and the jugular vein and vein graft were isolated. The midpart of each vessel was sectioned in situ into two 5-mm segments and excised. These rings were suspended immediately from two stainless steel hooks in 5-ml organ Laemmli ( 14) using homogenous slab gels, except that the concentration of acrylamide was 10% and the bisacrylamide concentration was 0.13% (13, 15) . After SDS-PAGE, the gels were transferred to nitrocellulose filters for Western blotting (vide infra).
Western blotting. For quantitating G-proteins, Western blotting experiments were performed essentially as described previously with some modification (12, 13, 16, 17) . Immunoblotting for G a and , / subunits (as, ail, a02, ai3, aq, a0, and ,B subunits) was performed as described recently (13, 16) . After electrophoresis, proteins were transferred to nitrocellulose (0.2 sm BA83; Schleicher and Schuell, Inc., Keene, NH) at 100 mA for 3 h using a NovaBlot transfer unit (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). Nonspecific binding was reduced by blocking the filters for 1 h at room temperature with a mixture of 5% (wt/vol) skim milk powder and 1 mM EDTA/PBS solution (PBS: 136 mM NaCl, 2.7 mM KC1, 8 .0 mM Na2PO4, and 15 mM KH2PO4, pH 7.5) containing 0.2% (vol/vol) of Triton X-100. After this, the filters were incubated with 2 .g of IgG/ml in fresh blocking solution at 4°C overnight. The filters were then washed five times (10 min per wash) with blocking solutions at room temperature and then incubated for 2 h with '"I-labeled goat anti-rabbit IgG in 5% (vol/vol) skimmed milk/i mM EDTA/PBS and 0.1% (vol/vol) Triton X-100. After this, free radioactivity was removed by washing five times with blocking solutions (above) containing 1% Triton X-100. The nitrocellulose was then air dried and exposed to Kodak XAR films with dual intensifying screens for 12-24 h. The respective autoradiograms for each G-protein were scanned by laser densitometry, and the integrated volume of the vein graft blot was expressed as a percentage of the volume of the same band in the blot from the jugular vein (12, 13) .
Pertussis toxin-dependent ADP ribosylation. 5 (Fig. 4 A) . In contrast, the maximal response of the vein grafts to norepinephrine was significantly attenuated and only reached a level of response similar to the jugular veins (Fig. 4 B) .
Preincubation of vein grafts with pertussis toxin induced a significant rightward shift of the serotonin dose-response curve (Fig. 5 and Table I ). The maximal contractile response to serotonin in these vein grafts was reduced compared with untreated controls, but this was not statistically significant (Fig. 4 B) . To determine the efficacy of the ADP ribosylation with pertussis toxin in vitro, ADP ribosylation experiments were performed on membranes using [32P]NAD. The near complete lack of incorporation of [32P]ADP ribose in the treated membranes compared with controls suggests a significant inactivation of the Gi and Go proteins under the conditions used (Fig. 6) . G-protein expression. To determine whether an increase in G-protein levels can contribute to the enhanced contractile responses to agonists, the levels of these proteins were quantitated by Western blotting using specific antibodies for G-protein a and ,/ subunits. There was a fivefold increase in aq expression (5.0±0.5; n = 3, P < 0.01) and a 2.7-fold increase in ai2 expression (2.7±0.94; n = 3, P < 0.05) in the vein grafts compared with the jugular veins. While ai3 could be measured in the vein grafts, it was undetectable in the jugular veins. In addition to the elevation of the ai and aq subunits, there was a 3.3-fold increase in as levels in the vein grafts compared with the jugular veins (3.3+0.52; n = 3, P < 0.05). However, no detectable expression of the a. or the ail subunits was observed in either the jugular veins or vein grafts. Furthermore, the levels of the /3 subunits were increased by 3.8-fold in the vein grafts compared with the jugular veins (3.8±0.25; n = 3, P < 0.01). Representative Western blots are shown in Figs. [7] [8] [9] . mRNA for as, ai3, and ai2 were all elevated by approximately twofold in the vein grafts compared with the jugular veins (Fig. 10) . 
Discussion
Guanine nucleotide regulatory proteins (G-proteins) are a superfamily of GTP binding proteins that range from the heterotrimeric forms to monomeric forms, GAP-activated G-proteins, and ras-associated nuclear proteins (21) . Functionally related GTP binding proteins are involved in signal transduction, protein synthesis, microtubule assembly, and oncogene function (21, 22) . The heterotrimeric G-proteins are intrinsic membranebound proteins important in the trans-membrane signal transduction of cells (21) (22) (23) . They have been shown to mediate, amplify, and regulate receptor activity and to activate intracellular secondary messenger/effector systems (23). Each heterotrimeric G-protein unit is composed of a, 3, and y subunits and can be classified according to differences in their a subunit (24) . Further classification of G-proteins can be made based on the sensitivity of the receptor to G-protein coupling to pertus- Values are the mean±SEM percentage of maximal contractile force, and the sensitivities are shown in Table I. sis toxin (21) . Pertussis toxin catalyzes the transfer of an ADP ribose moiety from NAD to a cysteine residue at the carboxyl terminus of the a, proteins. This covalent modification and inactivation of ai abolishes receptor-mediated inhibition of adenylate cyclase and is associated with increases in both basal and stimulated cAMP levels (21) (22) (23) .
Intimal hyperplasia is characterized by early proliferation of smooth muscle cells and subsequent matrix deposition (1, 2). The lesion occurs at sites of arterial endarterectomy, arterial angioplasty, and in both prosthetic and venous bypass grafts (1). It is the principal pathological lesion responsible for the development of restenosis. This study has shown that intimal hyperplastic vessels possess increased concentrations of G-protein as, ai2, aq, and ,3 subunits. In addition, the ai3 subunits were detectable in the vein grafts that have intimal hyperplasia but not in the jugular veins. These increases in G-proteins are associated with the development of enhanced pertussis toxinsensitive norepinephrine and serotonin contractile responses that are known to be coupled to G-proteins (24, 25 (26) (27) (28) . The pertussis toxin-insensitive aq subunits have been shown to activate phospholipase CB (26) (27) (28) . Thus, the large increase of aq subunits could explain the receptor-induced contractile response that remains in the presence of complete pertussis toxin-mediated ADP ribosylation. Serotonin-mediated contractile responses are not present in rabbit jugular veins but develop rapidly within 7 d in the vein bypass graft (4, 8) . The maximal contractions generated by serotonin have been correlated with the development of the intimal hyperplasia. Antagonism after incubation with ketanserin, a 5-HT2 antagonist, has shown that this serotonergic contractile response results from the activation of 5-HT2 receptors (8) . In this study, these 5-HT2-mediated contractions were also partially sensitive to pertussis toxin. Other workers have shown that the 5-HT2 receptor-mediated phosphatidylinositol hydrolysis in cultured fi- Figure 9 . Representative Western blots of the expression of the aq subunit (arrow) Therefore, an increase in Py subunits would suggest an increased inhibitory modulation of adenylate cyclase after dissociation of the Gi heterotrimer, which may enhance contractile responses. Furthermore, the fry subunits have also been shown to activate phospholipase C isozymes (phospholipase C-,6, -y, and 6) (31-34). Cross and associates (35) have shown that preincubation with indomethacin results in a significant decrease in the enhanced responses of vein grafts to norepinephrine, suggesting that this response may in part be prostanoid driven. This result, together with the emerging picture of the role of the fry subunits in activating particular secondary messengers and modulating the action of as subunits, implies that the rises in ,3 subunits may be functionally important in vein graft vasoreactivity (31) (32) (33) (34) .
In this study, there is the development of pertussis toxinsensitive responsiveness to both norepinephrine and serotonin with alterations in the subtypes and concentrations of G-proteins. It is conceivable that the changes in the G-proteins of the smooth muscle cells are part of the intimal hyperplastic reaction and that the changes in the contractile responses and in the Gproteins identify the particular smooth muscle phenotype present in the intimal hyperplasia of vein grafts. Agonists, such as norepinephrine and serotonin, can increase myosin light chain (MLC) phosphorylation through inhibition of MLC phosphatase via activation of G-proteins, and this enhanced MLC phosphorylation may be one of the principal mechanisms responsible for the enhanced contractile responses observed in the vein grafts (36). The significant increase in the KCl-mediated responses in the vein grafts compared with the jugular veins suggests that mechanisms independent of G-proteins are also implicated. It must, therefore, be concluded on the basis of the data presented that, although the altered expression of G-proteins occurs in tandem with changes in the contractile responses, it may not solely be responsible for the enhanced contractile responses observed.
There is evidence to suggest that there are changes in the Gproteins of the endothelial cells overlying intimal hyperplastic lesions and in endothelial cells after exposure to arterial hemodynamic parameters in vitro. Vanhoutte and associates (37) have shown that the loss of endothelium-dependent relaxation in arteries that have developed intimal hyperplastic lesions after angioplasty is due to an altered response of a pertussis toxinsensitive G-protein. Cohen et al. (38) have shown in an in vitro study that endothelial cell ai immunoreactivity declines rapidly in < 15 min in response to "cyclic strain" on endothelial cell monolayers, coincident with a rise in adenylate cyclase activity. In view of the relatively long half-life of G-proteins, they suggested that there may be a transient posttranslational modification of ail and ai2 subunits with the initiation of cyclic strain, which could be due to prenylation/ribosylation of the subunits and which appears not to be due to carboxymethylation. However, neither prenylation nor ribosylation of G-proteins would lead to the loss of detectable immunoreactivity observed. Such rapid changes in G-proteins may contribute to the loss of endothelial cell regulation of the underlying smooth muscle cells and thus may be part of the pathophysiology of intimal hyperplasia.
In conclusion, this study demonstrates an increased expression of G-protein a and ,B subunits in vein grafts, which might underlie the enhanced contractile responses to agonists in this intimal hyperplastic tissue and the onset of pertussis toxin sensitivity in the responses to norepinephrine and serotonin. These findings add to the evidence that the signal transduction pathways in smooth muscle cells from intimal hyperplastic lesions and in the overlying endothelial cells are phenotypically different from their progenitors. Further definition of the role of Gproteins in the development of this lesion is essential to a greater understanding of the biology of the lesion and should contribute to modalities designed to control its development.
